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ABSTRACT
Density functional theory, a quantum mechanical based electronic structure method with
GGA-PBE and MGG-SCAN functionals, are used to investigate the structure and energies of
singlet, triplet, and quintet spin states of FeP (iron Porphyrin), FePIm (imidazole iron porphyrin),
and FePImO2 (dioxygen imidazole iron porphyrin) systems. The binding and release of dioxygen
to and from hemoglobin (Hb) are the most crucial reaction takes place in human body to sustain
the existence of life. FePImO2 is used to model this phenomenon. When O2 binds to FePIm, the
system undergoes a conformational change. i.e. from domed structure of FePIm in which the Fe
atom moves away from the porphyrin plane to a planar structure of singlet FePImO2 in which the
Fe atom lies on the porphyrin plane. Quintet FePImO2 resembles FePIm due to the pronounced
movement of Fe atom above the porphyrin plane. GGA-PBE functional correctly predict the
ground states of FeP (S=1) and FePImO2 (S=0) that agrees with experimental data but failed to
predict the ground state of FePIm (S=2). On the other hand, MGGA-SCAN functional correctly
predict the ground states of FeP (S=1) and FePIm (S=2) that are agreed with experimental results
but failed to predict the ground state of FePImO2 (S=0).

vi

TABLE OF CONTENTS
Page

ACKNOWLEDGEMENTS ............................................................................................... vi
ABSTRACT....................................................................................................................... vi
TABLE OF CONTENTS................................................................................................. viii
LIST OF TABLES ............................................................................................................. ix
LIST OF FIGURES ........................................................................................................... xi
Chapter
1. INTRODUCTION ......................................................................................................... 1
2. LITERATURE REVIEW ............................................................................................... 4
2.1 Tetra-Coordinated Fe-Porphyrin .......................................................................... 4
2.2 Penta-Coordinated Fe-Porphyrin ......................................................................... 8
2.3 Hexa-Coordinate Fe-Porphyrin .......................................................................... 15
2.3.1 The mechanism of dioxygen binding to heme and spin-forbidden interaction
................................................................................................................................... 15
2.3.2 Potential energy surface and spin-crossover phenomenon………………. 19
3. METHODOLOGY ..................................................................................................... 28
4. RESULTS ................................................................................................................... 30
4.1 Optimized geometries and energies of singlet, triplet, and quintet
Fe-Porphyrin……………………………………………………………………...30
4.2 Optimized geometries and energies of singlet, triplet, and quintet spin states of
FePIm and FePO2…………………………………………………………………33
4.2.1 FePO2………………………………………………………………………...33

vii

4.2.2 FePIm…………………………………………………………………………35
4.3 Optimized geometries and energies of singlet, triplet, and quintet spin states of
FePImO2……………………………………………………………………………37
4.4 Spin-crossover phenomenon of singlet and triplet FePImO2 ……………………….39
5. DISCUSSION…………………………………………………………………………...40
6. CONCLUSION………………………………………………………………………….44
REFERENCES……………………………………………………………..……………. ..45
APPENDIX A……………………………………………………………………………...47
BIOGRAPHY…...………………………………………………………………………….51

viii

LIST OF TABLES
Table

Page

Table 1: Relative energies in kcal/mol for different spin states of Fe , FeP, and FePIm...13
Table 2: The out of plane displacement (Å) of Fe from the porphyrin plane and Fe-N
bond distance (Å) for each spin state of FePIm…………………………………..14
Table 3: Relative energy of single, triplet, and quintet Fe-Porphyrin states in eV using PBE
and SCAN functionals………..……………………………………………………..32
Table 4: Relative energies (eV) of singlet FePO2 in different orientation with respect to FeP
using PBE functional………………………………………………………………..33

ix

Table 5: Relative energies of singlet, triplet, and quintet FePIm states in eV………………..36
Table 6: Iron-nitrogen bond distance in Å for singlet, triplet, and quintet spin states
of FePIm……………………………………………………………………………..36
Table 7: Some of the optimized bond length of interest in Å of FePImO2 in different spin
states…………………………………………………………………………………38
Table 8: Displacement (Å) of Fe atom in FePImO2 and corresponding spin states…………..39
Table 9: Relative energies of singlet, triplet, and quintet FePImO2 states in eV …………….38

x

LIST OF FIGURES

Figure

Page

Figure 1: Porphin-building block of porphyrin .................................................................. 1
Figure 2: Iron-porphyrin ................................................................................................... 2
Figure 3: Possible oxidation and spin states of FeP and d orbitals electronic structure ... 5
Figure 4: Orbital energy of singlet, triplet and quintet spin states of FeP………………..7
Figure 5: Molecular enegy diagram of deoxy heme complexes (ImFePor, ImFeCor, and
ImFePc)….…………………………………………………………………….12
Figure 6: Different models for the binding of dioxygen to hemoglobin………………...17
Figure 7: Potential energy surface as a function of distance between Fe-O2 for all possible
spin states of oxyheme………………………………………………………...20
Figure 8: Potential energy surface for triplet as a function of d and R…………………..23
Figure 9: Potential energy surface for singlet as a function of d and R………………….24
Figure 10: Intersystem crossing between singlet and triplet occurring at d= 0.2-0.3 Å and
R=2.2-2.5 Å…………………………………………………………………..25
Figure 11: Dioxygen binding of one dimensional potential energy surface curve extracted
from Figure 10………………………………………………………………...26

xi

Figure 12: Optimized structure of singlet (S=0) Fe-Porphyrin…………………………..30
Figure 13: Optimized structure of triplet (S=1) Fe-Porphyrin……………………………31
Figure 14: Optimized structure of singlet FePO2 (450 orientation)………………………34
Figure 15: Optimized structure of triplet FePIm………………………………………….35
Figure 16: Optimized structure of singlet FePImO2………………………………………37
Figure 17: Spin-crossover phenomenon of singlet and triplet FePImO2 …………………39

xii

CHAPTER 1: INTRODUCTION
Porphyrin molecules function as active center in metalloproteins (Hemoglobin and
Myoglobin) and participate in many enzymatic as well as biologically relevant reaction. The active
center of hemoglobin and myoglobin is made up of the heme unit. This consists of a macrocyclic
ligand known as porphyrin which is derived from porphin.

Figure 1: Porphin-building block of porphyrin.
Porphyrins are highly colored cyclic tetrapyrrolic pigments formed by the linkage of four
pyrrole rings through methene (-HC=) bridges. Heme Proteins, the family of proteins containing
an iron-porphyrin complex as a prosthetic group, are found in all living organisms. Hemoglobin
and myoglobin play a wide variety of very important roles in the living body: ranging from electron
transport, to the oxidation of organic compounds, such as O2, CO and NO and transport and storage
of O2. In addition to these functionalities, porphyrin molecules can also be used for spintronics
application because of their proficient nature of self-assembling as well as finely tunned magnetic
properties upon dedicated manufacturing. Porphyrin molecules are also a potential candidates as
dye for solar cells. The highest occupied molecular orbitals (HOMOs) of the porphyrin system lie
between the valance and conduction band of semiconductor material upon which these are
1

deposited. This makes the photoexcitation easier as the band gap between the HOMO of the dye
and conduction band of the substrate is decreased and therefore corresponds to the visible range
of photoenergies.
Myoglobin (Mb) is present in aerobic muscle tissue, while hemoglobin is found at high
concentration in red blood cell. Hemoglobin (Hb) takes oxygen from lung and delivers it to
myoglobin. The role of myoglobin is to store oxygen and release it for metabolic process. Hence,
the transport and storage of oxygen is crucial in living organisms to persist life. The heme group
consists of a porphyrin macrocycle containing a central iron atom coordinated to four in-plane
nitrogen atoms to form tetra-coordinated geometry. The iron atom can coordinate with two
additional axial bonds, below and above the iron-porphyrin (FeP) plane to create penta and hexa
coordinated geometry.

Figure 2: Iron-porphyrin (FeP).

2

Iron is a transition metal. Most transition metals contain unpaired electron. There are 6
valance electrons of iron atom which occupy the 3d orbitals and depend on the arrangement of the
electrons in the orbitals, iron can have different spin multiplicities (low spin, intermediate spin and
high spin states). The characteristics of having different spin multiplicities makes FeP molecules
interesting and at the same time ambiguous to study. Because, different theoretical models and
experimental findings do not agree in predicting the ground state of FeP molecules.
This thesis is focused on energetic spin polarized calculation and geometry optimization
of iron porphyrin (tetra-coordinated FeP), deoxyheme (penta-coordinated FeP) , and oxyheme
(hexa-coordinated FeP) structures using two density functional theory methods such as GGA-PBE
and MGGA-SCAN functionals. First, GGE-PBE functional is used to optimize the geometries of
the three aforementioned systems in singlet (S=0), triplet (S=1), and quintet (S=2) states and
thereby investigate energies corresponding to these spin sates to determine the ground state of the
systems in those three spin states. After geometry optimization, MGGA-SCAN functional is used
to compute the energies of the systems in different spin states and compare both PBE and SCAN
result to experimental data. The general objectives of this thesis are the following:
 Determine how Fe behave when FePIm binds to O2 in S=0, S=1, and S=2 states
 Investigate the spin states corresponding to the ground state of FeP, FePIm, and FePImO2
using GGA-PBE functional and MGGA-SCAN functional
 Determine the structure of FeP, FePIm, and FePImO2 using GGA-PBE functional
 Investigate how the bonding structure between Fe and O2 looks like when FeP binds to O2
 Investigate the effect of ligands (O2 and Im) on the displacement of Fe from FeP plane
3

CHAPTER 2: LITERATURE REVIEW

2.1 Tetra-Coordinated FeP

In the oxidation state of +2, Iron plays a crucial role in model heme and heme protein
chemistry because of dioxygen binding, activation, and transfer. Understanding both the electronic
and geometric structure of Fe helps to investigate the complex nature of heme and hemeproteins.
Theoretical and experimental scientist intensively studied ground state of models of Fe (II) species
and yet there is no consensus and certainty. [9]

Electrons are fermions and satisfy the Pauli Exclusion Principle (two identical fermion
can’t occupy the same quantum state simultaneously). All electrons have a spin (half-integer)
which is a quantum mechanical intrinsic property. The spin of an electron can be up or down
depend on the filling of orbitals. [11] Figure 3 shows the electronic structure and spin states of FeP
in different oxidation state. All of the oxidation and spin sates have been observed experimentally
except for high spin

. [6] In this figure LS, IS, and HS correspond to low spin state, intermediate

spin state , and high spin state, respectively.

4

Figure 3: Possible oxidation and spin states of FeP and d orbitals electronic structure. Reproduced
from Ref. [6]
5

Coordination symmetry, cystal field, redox state of the central transition metal atom,
and nature of ligands highly determine the spin state of iron porphyrins. The low lying available
spin states for the unligated Fe(II) porphyrins which have even number electrons are a singlet, a
triplet, and a quintet states.

[2] [5]

Experimental studies found triplet ground state for Fe(II)

tetraphenylporphine (FeTPP) which resembles unligated iron-porphyrins in which the metal is
coordinated to four in-plane nitrogen atoms in D4h symmetry.

[1] [21] [5]

Tetraphenylporphinato-

iron(II) (FeTPP) and octaethylporphinato-iron(II) (FeOEP) are the two most popular FeP
complexes which are very similar to tetra-coordinated FeP. Mössbauer had studied the spin state
of FeTPP experimentally using magnetic and proton NMR. He found that S=1 is the ground state
of FeTPP arising from
for FeOEP which arises from

. However, this finding is in disagreement with Raman resonance
electron configuration. Later, based on careful analysis

of plenty of experimental data Sontum et al. questioned the correctness of

electron

configuration and Kozlowski et al. confirms making use of the B3LYP functional that
is the correct ground state configuration of tetra-coordinated FeP rather than
corresponding to S=1. [2] [17] [22]

Numerous number of calculation employing various hybrid functional reproduced the
triplet ground state. However, the Hartree-Fock (HF) method wrongly predicted the ground state
as quintuplet, S=2. This is because HF lacks Coulomb electron correlation and thereby favor high
spin state. [1] [2]

Barry D. Olafason and William A. Goddard in 1977 optimized the geometry of four
coordinated FeP complex using Abinitio quality calculation and they had found 1.95 Å for the
6

bond length of Fe-N in the quintet spin state (S=2), which is 0.14 Å longer than the optimal bond
length of of triplet state(S=1). [4] In unligated FeP complexes, the iron atom stays on the plane of
FeP and contradict the idea that high spin Fe does not fit in to the plane of FeP complexes because
of large atomic radius. [3]

[4]

But, computational study done by Carme Rovira et al. using DFT

frame work with the local spin density and gradient corrected approximation shows that in quintet
state Fe is displaced by 0.08 Å above the plane of the four nitrogen atoms. Pertaining to electronic
structure, this is because of populating the antibonding
concentrated on the

molecular orbital, which is mostly

atomic orbital of the Fe atom. They also computed the bond length of

Fe-N and found 1.97 Å, 1.98 Å, and 2.04 Å for S=0, S=1, and S=3, respectively. Only the Fe-N
distance is affected by change in spin multiplicity. The orbital energies for singlet, triplet, and
quintet spin states are shown below.

Figure 4: Orbital energy of singlet, triplet and quintet spin states of FeP. Reproduced from [4]

7

2.2 Penta-Coordinated FeP

The structure of high spin (S=2) Fe atom contribute for the well functionality of
hemoglobin protein. The domed structure of five coordinated heme undergoes a conformational
change when oxygen binds to the other axial position of the Fe atom. The Fe atom moves into the
porphyrin plane and trigger the movement of the histidine residue toward the porphyrin plane. The
peptide chain feels this conformational change and resulting in a change of the tertiary structure
thereby trigger a new binding interaction for the formation of a new quaternary structure.
Consequently, the heme binding site of the second deoxy subunit binds oxygen more favorably,
which increase significantly the affinity of oxygen by hemoglobin. [3] [9]

Therefore, five-coordinated Fe play an important role for the functionality of
hemoglobin protein. The displacement of Fe out of the porphyrin plane is not because of the high
spin state of Fe has large spatial extension. High spin state of an atom or ion has small spatial
extension than small spin state with the same charge and configuration which is consistent with
the quantum mechanical interpretation of Hund’s multiplicity rule. Valance electrons in high spin
state are far from the nucleus and hence feel less screening from the nucleus which result in a
greater electron-nuclear attraction and hence a smaller atomic size.

[3]

High spin Fe(II) porphyrinates are commonly used to model deoxyhemoglobin and
deoxymyoglobin. They are also found in cytochrome P450, chloroperoxidase, and horseradish
peroxidase. Understanding both the electronic and geometric structure of Fe helps to investigate
the complex nature of heme and hemeproteins. Theoretical and experimental scientist intensively
studied ground state of models of Fe(II) species and yet there is no consensus and certainty. Three
8

out of four DFT calculation made previously about five-coordinated, imidazole-ligated hemes,
found the ground state to be triplet state than quintet state which is experimentally found ground
state. [10] In all of these studies the prediction was that quintet state would be the ground state if
the Fe atom is constrained to move further out of the porphyrin plane than the value found in triplet
state. DFT computation signifies that there is a stabilization of high spin state whenever the Fe
atom is displaced from the porphyrin plane by large amount. [10] [15] [25]

The investigation of five-coordinated Fe(II) porphyrinates with neutral ligands such as
imidazole and anionic ligands such as imidazolate, thilate, halogenate, phenolate, alkoxide, acetate
and so on showed that even though quintet is the ground state there exist a significance difference
in their molecular structure and Mössbauer data. For anionic ligands

orbital is doubly

occupied ground state configuration but for neutral ligands the doubly occupied orbitals are best
described as a low-symmetric hybrid orbital containing a linear combination of two axial
contribution. [10] [15]

orbitals with a substantial

Employing ab initio quality calculation on modeling deoxy Hb using NH3 as fifth ligand,
the optimized bond length of Fe-NH3 is 2.1 Å for the ground quintet state and it had been observed
that Fe is displaced out of the plane by 0.25 Å. The triplet state lies 20 kcal/mol higher in energy
than quintet state and Fe is displaced out of the plane by only 0.13 Å. The displacement of the Fe
atom is caused by the nonbonded interactions between the bond pairs of the fifth ligand and the N
orbitals of the porphyrin.

[4]

Quintet state (S=2) is experimentally observed ground state of

imidazole iron porphyrin (FePIm) where the d orbital occupation have 6 electrons. However,
different spin state is observed experimentally for different penta-coordinated FeP. For instance,

9

hydroxyl ligated FeP (FePOH) and chloride ligated FeP ( FePCl) have spin state of sextet

=

as their ground state configuration. The Fe atoms moves about 0.4 to 0.5 Å in all of the three
aforementioned penta-coordinated FeP systems. Linking the explanation for the displacement of
the central Fe with high spin Fe having a large radius was disproved by Walker et al. from a
quantum theory of atoms in a molecule point of view. The atomic size of Fe atom in high spin
porphyrins is lower than that of low spin porphyrins and they argued the axial ligand plays a critical
role for the displacement of Fe. The energy difference between singlet and quintet is in the range
of 0.30-0.37 eV and for triplet and quintet state the energy difference is in the range of 0.20-0.29
eV. These estimations were obtained by CASPT2. [2]

The calculated ground state of deoxyheme (Fe(II)-porphin-Imidazole) using DFT with
UB3LYP functional is quintet state. Singlet and triplet states lies 0.67 and 6.48 kcal/mol higher in
energy than quintet, respectively. Despite small energy difference among these three states, the
calculated

result

agree

with

experimental

findings

on

a

heme

model,

Fe

(II)-

OEP(OctaEthylPorphyrin)-(2-MeIm), and the active sites of myoglobin and hemoglobin. In the
quintet state, the Fe atom lies 0.49 Å above the porphyrin plane whereas in triplet and single states
the displacement of Fe atom is 0.190 and 0.201 Å, respectively. These displacements are small
compared to quintet state. In the experimental result obtained by X-ray crystallographic data for
myoglobin and biomimetic complexes, the Fe atom displaced 0.3 to 0.4 Å away from the plane of
the porphyrin ring. The

orbital is occupied in quintet state but not in singlet and triplet

states. There is antibonding interaction between

orbital and the lone pair of the pyrrole N

in the plane of porphyrin which stabilize the out of plane movement of Fe atom. That is why the
displacement of Fe atom is large in quintet state. [13]
10

[19] [25]

For the structure of ImFePor (imidazole iron porphyrin) using DFT (UB3LYP) other
study showed that the Fe atom displaced from the porphyrin ring plane as 0.421, 0.190, and 0.201
Å for quintet, triplet, and single states, respectively. In this study, the triplet and singlet states are
located 0.67 and 6.48 kcal/mol above the quintet state respectively. In case of ImFeCor (imidazole
iron corrphycene), the energy gaps between the quintet state and the other two spin states (S=0 and
S=1) are larger compared with ImFePor. However, similar to ImFePor quintet spin sate is the
ground state. In ImFeCor, the Fe atom moved out of the plane by 0.53 Å in quintet state, 0.213 Å
in triplet state, and 0.224 Å in singlet state. Distinct characteristic is observer in the case of ImFePC
(imidazole iron porphycene). i.e. the singlet state became the ground state than quintet state. The
quintet and singlet states are located 4.70 and 9.97 kcal/mol higher than the singlet state. But, the
displacement of Fe from the plane is somehow comparable with ImFePor. Fe dislocate from the
porphyrin plane by 0.260 Å in quintet state, 0.231 Å in triplet state, and 0.233 Å in singlet state.
The reason why in quintet state the Fe atom likes to stays away from the on plane position in
ImFePor and ImFeCor is described by the nature of antibonding interaction between
orbital of Fe atom and the lone pair of the pyrrole N atoms. The Fe prefers to be located away from
the out plane arrangement and the amount of stabilization is 1.36 and 1.13 eV for ImFePor and
ImFeCor, respectively.

[8]
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Figure 5: Molecular enegy diagram of deoxy heme complexes (ImFePor, ImFeCor, and ImFePc).
Reproduced from Ref. [8]

The ground state of Fe

is quintet state whereas the ground state of both FeP and

FePIm are the triplet state. These spin sate difference exist because of the two energetically
12

competing effect, Hund’s rule and the Aufbau principle. Hund’s rule favor high spin state since
they exhibit greater electron-nucleus attraction energies as a result of greater electron repulsion
from Fermi, or exchange, correlation. However, the Aufbau principle favors filling the lowest
available orbitals. The quintet state of FePIm is 1.5 kcal/mol higher in energy than the triplet
ground state. The energy difference between the two states are very close. The experimental result
on the displacement of Fe from the porphyrin plane for the quintet state is 0.36(5) Å and the
calculated displacement is 0.36 Å which is within the error of the experimental result.
Experimental result shows a bond length of 2.06(2) Å for iron and nitrogen of the proximal
histidine group and 2.12(4) Å for iron and nitrogen of the porphyrin ring. The computed results
are 2.098 and 2.179 Å for iron and nitrogen of the proximal histidine group and iron and nitrogen
of the porphyrin ring respectively. All of the above calculations are computed based on density
functional theory, employing B3LYP functional of quantum chemistry (version of 3.1). [3] [16]

Table 1: Relative energies in kcal/mol for different spin states of Fe , FeP, and FePIm.
Reproduced from Ref. [3]
Singlet

Triplet

Quintet

Septet

Nonet

91.59

61.08

0.00

94.10

1697.78

FeP

39.79

0.00

15.45

48.75

93.41

FePIm

8.87

0.00

1.48

27.51

68.69

Fe

13

Table 2: The out of plane displacement (Å) of Fe from the porphyrin plane and Fe-N bond distance
(Å) for each spin state of FePIm. Reproduced from Ref. [3]
Singlet

Triplet

Quintet

Septet

Nonet

Displacement 0.161

0.115

0.361

0.379

0.237

Fe-Np

2.005

2,008

2.098

2,064

2.069

Fe-NIm

1.926

2.255

2.179

2.112

2.109

14

2.3 Hexa-Coordinated FeP
2.3.1 The mechanism of dioxygen binding to heme and spin-forbidden interaction

Almost all normal organic molecules have an even number of electrons and their spin
state is singlet in which spin up and spin down electrons are equal in number. Molecular oxygen
(O2) is a famous exception to this rule and has a peculiar characteristics. The spin state of O2 is
triplet in its ground state. The singlet state of O2 is 90 kcal/mol higher in energy than the triplet
state. A chemical reaction between singlet and triplet sates are spin-forbidden because a chemical
reaction can’t change the spin state of an electron. Therefore, organic matter might exist in
atmosphere containing much O2. There is a strong thermodynamic drive of O2 to oxidize organic
matter into H2O and CO, however these by-products and organic molecules are singlets and O2 is
triplet. Therefore, the reaction is not allowed. This situation also appear in living organism when
O2 is needed for metabolism. The reaction is spin-forbidden and slow. [11]

Nature tackle the spin-forbidden problem employing transition metals to carry, activate,
and reduce O2 because of the following three reasons. First, transition metals can have unpaired
electron and they will react to triplet state, second. Second, transitional metals are relatively heavy
atoms and hence the spin orbit interaction is large to change the spin state of an electron (spin
inversion). However, the first few row transition metals have low spin orbit interaction and spin
inversion can’t be solely takes place by spin orbit coupling. Third, the energy difference between
many excited state with unpaired election and ground state is very small. This facilitate spin
inversion mechanism. [11]

15

The binding of O2 to hemoglobin (Fe(II) ion in heme group) is the simplest biological
reaction. The reactant deoxyheme has four unpaired electrons (quintet) and O2 has two unpaired
electrons (triplet). The reaction between the two different spin state is spin-forbidden. However,
depend on the orientation of the unpaired electrons in the two spin states, one can have 6 (4+2) or
2 (4-2) resultant unpaired electron in the binding process which is different from the experimental
observed singlet spin state. Pauling and Coryell examined in detail how this reaction is very
complicated and no one knows exactly how nature cope up with this spin forbidden reaction. The
advantage of spin inversion is manifested in the Perutz model of hemoglobin cooperative. The
displacement of Fe to the porphyrin plane evokes a change in state from tense to relaxed state after
the binding of O2 and result in the increase of bond length between the central iron atom and the
nitrogen of axial ligand depend on the spin state of heme. [11] [14] [9] [20]

In 1845, Faraday infer the magnetic property of free hemoglobin when he exposed
dried blood to a magnet. 56 years later, Gamgee wrote that arterial blood is diamagnetic like water.
He didn’t check the venous blood and he didn’t recognize the basic difference between them. This
problem is solved later by Pauling and Coryell. Both Pauling and Coryell measure the magnetic
susceptibility of oxy and deoxy hemoglobin and observed the fundamental change in magnetic
property due to O2 binding. From two paramagnetic species, deoxyhemoglobin (S=2) and O2
(S=1), a diamagnetic oxyhemoglobin is produced in which the 24 electrons underwent pairing in
the process in the four heme unit. Using valance band structure, Pauling and Coryell described
graphically below oxyhemoglobin in model 1 when O2 is binding to Fe (II) in an end on manner
and the two moieties are in singlet state. In this model, Fe (II) is hybridized as sp3d2. The five
hybrids are forming bond to the on plane nitrogen atoms and to a histidine residue of globin

16

whereas the six bond is a dative bond from the filled sp2 hybrid of the O2 molecule in its singlet
state to the remaining sp3d2 hybrid on Fe (II). [12]

Figure 6: Different models for the binding of dioxygen to hemoglobin.
Reproduced from Ref. [12]

In model 4, the six electrons of the Fe (II) ion distributed doubly over the three
nonbonding d orbitals. There are two scientific debate created by this model: the first one related
with geometry structure of the complex and the second one pertaining to the nature of Fe-O2
bonding. The later debate still exist after Pauling presented his model seventh years ago. [12]

The triangular structure shown above on model 2 is proposed by Griffith in 1956 and
later by Gray. Pauling did not accept this model because of strain analysis. However, both model
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predict oxyheme complexes as diamagnetic in nature. Collman in 1974 prepared the “picket-fence”
Fe-O2 complexes and showed that O2 molecule was bound to Fe in an end on bent manner as
suggested by Pauling. Subsequently, Phillips and Shaanan using X-ray solve the structure of
oxymyoglobin and oxyhemolglobin respectively and confirmed that Pauling model is correct.
After this emphasis is given to the nature of Fe-O2 binding. [12]

[5] [23]

Based on spectroscopic data and chemical behavior of synthetic Fe-O2 complexes in
solution, Weiss in 1964 criticized Pauling model and argued that Fe (II) transfers a single electron
to O2 molecule to produce a singlet state as shown on model 3. Pauling improved his model in
response to Weiss criticism and come up with a new model as indicted as 4 on picture 6. In this
model the Fe-O2 bond is a double bond and the proximal oxygen is neutral in relative comparison
with Fe (II) electronegativity but the distal oxygen is negatively charged. Pauling argued that the
His residue exist nearby in the distal pocket (His64 in Mb) would stabilize the negative charge on
oxygen. In model 4 Fe (II) and O2 are in their singlet spin state. McClure in 1960 devised a new
Fe-O2 bonding model in which Fe (II) take part in its intermediate spin state with S=1 and the two
unpaired electron on the ferrous center pair up in a Heitler-London fashion with those in the O2
(S=1) to give single state as shown on model 5. Harcourt and Seno et al. support this model. Model
5 begun to be criticized when Goddar and Olafson in 1975 proposed model 6 which is known as
“the ozone mode”. In this model, the bonding contain singlet Fe (II) and O2 in-plane

orbital of

O2 and a 4 electron 3 centered π bonding like ozone. The controversy still exist. There is no
agreement on the bonding mechanism between Fe and dioxygen. [12] [18] [24]
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2.3.2 Potential energy surface and spin-crossover phenomenon.

The binding of dioxygen to penta-coordinated FePIm is spin-forbidden and reversible
in nature. By fixing and manually changing the Fe-O2 distance from 1.6 to 4.2 Å at interval of 0.1
Å, Eli et al. have simulated the spin crossover phenomena employing B3LYP functional. [2] This
technique decrease the higher dimensional dependency to the one dimensional potential energy
surface curve. In the fully optimized geometry, the Fe-O2 is 1.78 Å and oriented along the
molecular Cartesian z-axis. The minimum of the potential energy surface curve located at the
equilibrium position of Fe-O2 which is 1.78 Å. The O2 molecule completely become flat on the
porphyrin ring above 3.5 Å and there is no real chemical reaction occurring between porphyrin
and O2. This is because the overlap of electron density between O2 and FePIm is none. In such
cases nonbonding interaction such as charge-dipole, dipole-induced dipole and van der Waals type
interaction should be active. This signifies that during the binding process the deoxy-heme and O2
interactions are triggered by nonbonding interactions. Due to these nonbonding interactions the πelectron density of porphyrin begin to redistribute and as a result of this electron charge
redistribution, the out of plane displacement of Fe in FePIm start to decrease. At 1.78 Å
equilibrium distance of Fe-O2 bond length, in singlet state, oxyheme become planar from domed
structure of FePIm. Although the Fe-O2 bond distance decrease in the binding process, O-O
bonding increase in a concerted fashion. [2]
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Figure 7: Potential energy surface as a function of distance between Fe-O2 for all possible spin
states of oxyheme. Reproduced from Ref. [2]

The combined system of FePIm + O2 have a maximum possible spin state of three
(S=3) and a minimum spin state of zero (S=0). The potential energy surface of all possible spin
states are shown in the figure above indicated with corresponding spin multiplicity (2S+1A1). The
lowest energy reaction path of blue curve up 1.85 Å and red dashed curve from 1.85 to 2.30 Å for
the O2 binding process has distinct feature of the double spin-crossover phenomenon. The primary
spin-crossover phenomenon occur at 2.3 Å. Above this distance the FePIm and O2 are in the high
spin state of 7A1 ( Parallel orientation of spin in FePIm and O2 ) and below this distance the triplet
state ( 3A1 ) becomes ground state. Ribas-Arino et al. employing CASPT2 found triplet as globally
stable ground state. However, in this work singlet (1A1 ) is found to be the most stable state. The
second spin cross-over occurs at 1.85 Å and a change in spin state from triplet to singlet state is
observed. Now, there exist an electron density overlap between porphyrin and O2 molecule. The
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calculated energy difference between singlet and quintet states using B3LYP and GGA+U
functional is in the range of 0.29 to 0.39 eV. For triplet and singlet states the energy difference is
in the range of 0.39 to 1.82 eV for the aforementioned functionals. [2]

The change in spin state and the change in structure of heme are the two key aspects
in the process of dioxygen binding to hemoglobin and myoglobin. Spin-crossing is essential in the
dioxygen binding process. The spin state of deoxy-heme and dioxyge in their ground states are
S=2 and S=1, respectively. In myoglobin the displacement of Fe atom from the porphyrin ring is
in the range of 0.3-0.4 Å whereas in hemoglobin it is 0.3-0.6 Å. [13]

The ground spin state of oxyheme is singlet. Triplet spin state lies 8.36 kcal/mol higher
in energy than the singlet state. There is an agreement between the optimized geometry of the
ground state of oxyheme and the experimental result of X-ray crystallographic data. The Fe atom
lies on the plane of porphyrin ring. The bond length between Fe and O2 is 1.85 Å and the O-O
bond length is 1.29 Å, which is very close to free O2. The Fe atom moves a distance of 0.394 Å
from the porphyrin plane in the triplet state. In this state, the bond distance of Fe-O2 and O-O are
2.91 and 1.22 Å, respectively. The Fe-O2 bond distance of triplet oxyheme is larger than the singlet
oxyheme by 1.05 Å. In singlet oxyheme the imidazole plane rotated by 450 whereas in triplet state
it is parallel to the Fe-pyrole N plane. Therefore, these results show that the electronic structure of
the triplet state can be described as Fe (S=2) + O2 (S=1). Consequently, the electronic structure of
triplet oxyheme is very close to that of quintet deoxyheme, Fe (S=2). Hence, the binding of
dioxygen in the triplet oxyheme is very low. [13]
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The potential energy surface for triplet oxyheme is completely dissociative. In the
dissociation limit, the electronic structure is Fe (S=2) + O2 (S=1), which is the ground state of
deoxyheme (S=2, quintet state), and O2 (S=1, triplet state). In the dissociation limit, the Fe atom
similar to deoxyheme located some distance away from the plane of the porphyrin ring. The
exception is that when the distance d (distance from the porphyrin plane) is constrained to be fixed
around zero, the potential energy surface become slightly associative. However, the binding energy
is very small. [13]

Unlike triplet state, the potential energy surface for the singlet state is entirely
associative. The Fe atom lies on the plane of the porphyrin ring in the singlet state. The potential
energy surface depends on the parameter d which is the distance of the Fe from the porphyrin
plane. The potential energy surface becomes highly associative when Fe is fixed around the
porphyrin plane (d=0.0) and the potential energy surface becomes dissociative when the Fe atom
is fixed at the out of plane position. The potential surface energy curve for dioxygen binding is
calculated in singlet and triplet state as a function of two reaction coordinates: d (the deviation of
Fe atom from the porphyrin plane) and the distance R between Fe and O2. 46 points were selected
in an interval of 0.1 and 0.2 Å for coordinate d and R respectively. Except for d and R, other atomic
coordinates were changing linearly between the optimized geometry for the singlet and triplet
states of oxyheme. [13]
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Figure 8: Potential energy surface of triplet as a function of d and R. Reproduced from Ref. [13]
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Figure 9: Potential energy surface of singlet as a function of d and R. Reproduced from Ref. [13]
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Figure 10: Intersystem crossing between singlet and triplet occurring at d= 0.2-0.3 Å and R=2.22.5 Å. Reproduced from Ref. [13]

Because the potential energy surface curve is entirely associative for singlet state in
which the Fe atom lies on the plane of the porphyrin ring, heme binds dioxygen effectively. Here,
spin-orbit coupling play an important role. Depend on the position of Fe atom with respect the
porphyrin plane, the potential energy curve might be associative or dissociative. [13]
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Figure 11: Dioxygen binding of one dimensional potential energy surface curve extracted from
Figure 10. The dotted line indicates singlet state and the solid line indicates triplet state.
Reproduced from Ref. [13]

The triplet state arrive the intersystem crossing point starting from the dissociation limit
by jumping over an energy barrier of 3.0 kcal/mol. At the intersection point, the triplet state
changes into singlet state because of spin-orbit coupling. The system then follow the O2 binding
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state on the singlet potential energy surface. As a result, the system acquires 8.4 kcal/mol of the
binding energy. In the case of O2 dissociation, the system in singlet state requires 11.4 kcal/mol to
arrive at the intersystem crossing point. Oxyheme relinquish O2 and reaches to the dissociation
limit after the spin state changes into the triplet state. Approximately 20 kcal/mol requires for the
O2 binding if only the singlet potential energy surface curve is the only one available, the O2
binding process gets very difficult because of the energy barrier. [13]

Substituting the free energy (ΔG) by the binding energy (ΔE) and assuming the
entropy effects are constant, the equilibrium constant (K) for the O2 binding is computed using
equation (1).

=

≈

(1)

The computed value of K at 200C is 1.8 × 10 [M
with the experimental result (1.1 × 10 [M

] , which is more or less agreed

]) investigated at PH value of 7.0 and 200C even

though the effect of the surrounding protein is not taking in to consideration. Therefore, this might
signify that the interaction of heme and O2 eclipses the binding process more than that with the
surrounding protein residues.

[13]
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CHAPTER 3: METHODOLOGY
To study dioxygen binding to heme, density functional theory calculations are carried
out using the NRLMOL code. Specifically, the generalized gradient approximation (GGA) for
exchange-correlation functional given by Perdew, Burke, and Ernzerhof (PBE) is used. [26-31] The
NRLMOL code uses a Gaussian basis set that is optimized for the PBE functional. This code is
used to optimize the geometry of tetra-coordinated, penta-coordinated, and hexa-coordinated FePorphyrin complex. The PBE functional is selected for the geometry optimization because it gives
accurate result in terms of bond length compared with other functionals. The geometry
optimization using PBE also provide energies for each different spin states of the systems that are
used in this study. The spin state of Fe-Porphyrin complexes mostly determined by the number of
electrons available in the Fe atom. Since, there are 6 valance electrons in the 3d orbitals of the Fe
atom, singlet (S=0), triplet (S=1), and quintet (S=2) spin states are selected in this study for the
possible spin states of Fe-Porphyrin complexes. Without fixing the spin state with S=2, the system
relax to spin state of S=1. Which shows that the PBE functional tend to favor systems with small
spin states. For the convenience of this study,

systems with S=2 are fixed in geometry

optimization process so that the system stays at S=2 after the system converged and all forces
acting on each atoms become zero. The same mesh is used while energies are compared for the
same systems with different spin multiplicity. This guarantee the accuracy of energy comparison
to determine the ground state of the systems.

After the geometry optimization by GGA-PBE functional, MGGA-SCAN (strongly
constrained and appropriately normed) functional is used with the same basis sets as PBE
functional to see the effect of approximation and functional on energy splitting for different spin
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states of Fe-Porphyrin complexes and compare these results to experimental data. Therefore, the
structure of the optimized geometry data from PBE result (the output CLUSTER file as
XMOL.xyz) are used as an input to create a CLUSTER file when employed SCAN functional.
Systems with S=2 are fixed in this functional alike PBE. Similar relaxation phenomenon is
observed here as well. [32]

In penta-coordinated Fe-Porphyrin, imidazole (Im) is used as ligand because it mimics
the histidine residue that binds the heme group in hemoglobin. Imidazole geometry is optimized
using PBE and then attached to Fe-Porphyrin to create FePIm. Inorder to minimize computational
time, Fe is displaced from the FeP plane and let the whole structure to relax. To see the effect of
ligand on the displacement of the central Fe atom and the bonding mechanism between Fe and
dioxygen, triplet FePO2 geometry is optimized in three different O2 (00, 450, and 900) orientation
with respect to porphyrin plane using PBE functional. In hexa-coordinated FeP, O2 is attached to
the optimized structure of domed FePIm to create FePImO2.

Finally, fixing and manually changing the distance between Fe and nearby O in an
interval of 0.2 Å, they system is allowed to relax using PBE functional. In doing so, 11 points were
selected to draw the potential energy surface curve for singlet and triplet FePImO2 in order to see
spin-crossover phenomenon.
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CHAPTER 4: RESULTS
4.1 Optimized geometries and energies of singlet, triplet, and quintet Fe-Porphyrin

From the XMOL.xyz file of Mg-Porphyrin, Fe-Porphyrin CLUSTER file is created
by replacing Mg with Fe and the following optimized structure of Fe-Porphyrin is found using
PBE functional.

Figure 12: Optimized structure of singlet (S=0) Fe-Porphyrin.

Fe-Porphyrin make up of four types (Fe, C, N, and H) of 37 atoms. i.e. 1 Fe, 4 N, 12 H,
and 20 C. The atoms are distinguished from the figure by their chemical symbol and assigned
number. Fe-Porphyrin has D4h symmetry (tetra-coordinate geometry) and some of the bond lengths
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of Fe-Porphyrin are shown above in Angstrom. Due to symmetry the other bond lengths can be
directly inferred from the figure. The bond distance between Fe 1-N 2 is 1.98 Å. Hence, due to
symmetry, the bond distance between Fe and any one of the four N is 1.98 Å. The bond distance
between C and H is 1.09 Å and the bond distance between C-C ranging from 1.37-1.44 Å.

Figure 13: Optimized structure of triplet (S=1) Fe-Porphyrin.

The optimized structure of triplet Fe-Porphyrin is similar to the singlet Fe-Porphyrin
as show in the figure 13. The bond length of Fe-N is in the range of 1.99-2.00 Å. The C-C bond
length is in the range of 1.36 -1.44 Å. The quintet Fe-Porphyrin is similar in structure to the singlet
and triplet Fe-Porphyrin. The Fe-N bond distance is 2.0 Å and the C-C bond length ranging from
1.37-1.44 Å. The C-H bond distance is 1.09 Å.
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Table 3: Relative energy of single, triplet, and quintet Fe-Porphyrin states in eV using PBE
and SCAN functionals.

Spin states

PBE

SCAN

S=0

0.897

1.23

S=1

0.000

0.00

S=2

3.69

0.69
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4.2 Optimized geometries and energies of singlet, triplet, and quintet spin states
of FePIm and FePO2.
4.2.1 FePO2

Dioxygen structure is optimized using PBE functional and the bond distance between the
two oxygen atoms are found to be 1.22 Å. The most stable geometry of FePO2 is the 450 orientation
(head on bent binding to Fe) of O2 binding to Fe-Porphyrin. Even though the 00 orientation is
nearly converged, it tends to approach the 450 orientation. However, the 900 orientation stays in its
initial orientation (head on binding). The displacement of Fe from the porphyrin plane toward the
positive z-axis (in the direction of O2) in triplet FePO2 is 0.146, 0.192 and 0.213 Å for 00, 450 and
900 orientations, respectively.

Table 4: Relative energies (eV) of triplet FePO2 in different orientation with respect to FeP
using PBE functional.

O2 orientation with respect to FeP

Energies

00

0.161
0

0.000

0

0.413

45
90
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Figure 14: Optimized structure of triplet FePO2 (450 orientation).
The bond length of O-O and Fe-O2 are 1.28 and 1.84 Å respectively. The bond length of
Fe-N is in the range of 1.99-2.01 Å. The bond length of C-H is 1.09 Å.
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4.2.2 FePIm
The optimized structure of FePIm in triplet state is shown below

Figure 15: Optimized structure of triplet FePIm.

The displacement of Fe out of the porphyrin plane in triplet FePIm is 0.0572 Å toward
the imidazole ligand. However, in singlet and quintet states, the displacement of Fe from the
porphyrin plane is large. Fe moves 0.159 and 0.155 Å toward the imidazole ligand in singlet and
quintet states, respectively.
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Relative energies for each spin state of FePIm is computed using both PBE and SCAN
functional. The results are show in Table 5.

Table 5: Relative energies of singlet, triplet, and quintet FePIm states in eV.
Spin sates of FePIm

PBE

SCAN

S=0

0.0323

1.81

S=1

0.000

0.352

S=2

0.448

0.000

From the optimized structure of singlet, triplet, and quintet spin state of FePIm, the bond
length between iron and nitrogen of the porphyrin ring (Pyyrole nitrogen) and the bond length
between iron and nitrogen of imidazole is shown below in Table 6.

Table 6: Iron-nitrogen bond distance in Å for singlet, triplet, and quintet spin state of FePIm.
Bond type

Singlet

Triplet

Quintet

Fe-Np

2.00

2.01

2.08

Fe-NIm

1.92

2.21

2.16
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4.3 Optimized structures and energies of singlet, triplet, and quintet spin states of FePImO2

The optimized structure of singlet FePImO2 is shown below

Figure 16: Optimized structure of singlet FePImO2.

In all spin states of FePImO2 except quintet, the Fe atom lies on the plane of the porphyrin
plane unlike the domed structure of FePIm. In quintet spin state of FePImO2, the Fe atom displaced
a distance of 0.0779 Å above the porphyrin plane. The different bond length of the optimized
structure of FePImO2 in different spin states are tabulated below.
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Table 7: Some of the optimized bond length of interest in Å of FePImO2 in different spin states.
Bond type

Singlet

Triplet

Quintet

O-O

1.27

1.29

1.28

Fe-O2

1.76

1.91

1.93

Fe-Np

2.02

2.01

2.08

Fe-NIm

2.15

2.12

2.26

The angles between Fe-O2 bond in singlet, triplet, and quintet states are 124.8, 108.8, and
126.00, respectively.

Table 8: Displacement (Å) of Fe atom in FePImO2 and corresponding spin states.
Spin States

x

y

z

S=0

0.0159

0.000

0.0361

S=1

0.020

0.000

0.0134

S=2

0.0133

-0.0041

0.0779

The computed energies of FePImO2 in singlet, triplet, and quintet is tabulated below
using both PBE and SCAN functional.

Table 9: Relative energies of singlet, triplet, and quintet FePImO2 states in eV.
Spin sates of FePImO2

PBE

SCAN

S=0

0.000

1.95

S=1

0.133

0.00

S=2

0.932

0.782
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4.4 Spin-crossover phenomenon of singlet and triplet FePImO2

Figure 17: Spin-crossover phenomenon of singlet and triplet FePImO2.

The spin-crossover phenomenon occurs at 1.85 Å. Pbe_0 is the singlet state and pbe_1 is
the triplet state. The energy difference between singlet and triplet FePImO2 is 0.133 eV that is why
spin-crossover phenomenon occur.
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CHAPTER 5: DISCUSSION
The computed ground state of Fe-Porphyrin by PBE and SCAN functional gave singlet
spin state, which agrees to Mössbauer experimental studies of Tetraphenylporphinato-iron (II)
(FeTPP) using magnetic and proton NMR. The Fe-N bond length is approximately 2.0 Å (1.982.0 Å) for singlet, triplet, and quintet spin states of Fe-Porphyrin. This is in agreement with
experimental data on FeTPP in which the Fe-N bond length is 1.97 Å. However, there is a small
difference with the study done by Barry D. Olafason and William A. Goddard in 1977 using ab
initio quality calculation on tetra-coordinated FeP. They found that the bond length of Fe-N is 1.95
Å for the quintet spin state (S=2), which is 0.14 Å longer than the optimal bond length of triplet
state(S=1). In this thesis, then Fe-N bond length in quintet state is 0.005 Å longer than the singlet
state, which is insignificant.

The energy splitting of singlet, triplet, and quintet states of Fe-Porphyrin by SCAN
functional is in a good agreement with the study done by Liao M., Huang M., and John D in 2010
using GGA-PBE functional. In this thesis the relative energy of quintet Fe-Porphyrin computed by
PBE is large.

Because there is no ligand interaction with the porphyrin plane, the Fe atom lies on the
plane of the porphyrin ring for all spin states of Fe-Porphyrin. Many recent literatures and
experiments agree with this result and therefore GGA-PBE functional is powerful tool for the
accurate optimization of geometries.
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The computed ground state of FePIm is quintet by MGGA-SCAN functional and
triplet by GGA-PBE functional. The SCAN functional gave the correct ground spin state of FePIm
which is in agreement with experimental results. The PBE functional failed to give the correct
ground state for FePIm. However, it agrees with Victoria E. work on FePIm employing B3LYP/631G(f) functional though the energy splitting among different spin states are not matching.
RASPT2 calculation by Vancoillie et al. suggested an energy difference of 0.21 eV between
quintet and triplet states, and 1.29 eV difference between singlet and triplet states. In the work of
Ehesan A., Biplab S., and Peter M. using CASPT2 functional on FePIm, the energy difference
between quintet and singlet is in the range of 0.30-0.37 eV, and the energy difference between
triplet and quintet is in the range of 0.20-0.29 eV. Whereas in this thesis, the energy differences
between quintet and triplet states, and singlet and triplet states using PBE functional are 0.448 and
0.0323 eV, respectively. However, SCAN calculation provide an energy difference of 0.352 eV
between quintet and triplet states, and 1.46 and 0.352 eV energy difference between singlet and
triplet states, and quintet and triplet states, respectively. The SCAN functional energy difference
result between quintet and triplet states are somehow in agreement with the CASPT2 functional
result. All of these energy differences signify that the usage of distinct functionals provide different
energy splitting.

The computed displacements of Fe atom from the porphyrin plane in the singlet, triplet,
and quintet states of FePIm are 0.159, 0.0572, and 0.155 Å, respectively toward the imidazole
ligand. These results are in good agreement with Victoria E. work except for quintet state. In
quintet state, the Fe moves 0.361 Å. However, in singlet and triplet states, the Fe atom displace by
0.161 and 0.115 Å, respectively. Study on FePIm by Carme R. et al. using density functional theory

42

(Car-Parrinello method) showed that the Fe atom displaced from the porphyrin plane in singlet,
triplet, and quintet states by 0.24, 0.33, and 0.15 Å, respectively. The Fe atom displacement in
quintet state is in agreement with this thesis result. The displacement of Fe atom is caused by the
nonbonding interaction of imidazole ligand with pyyrole nitrogen atoms, not because of spatial
extension of the high spin state of Fe. If this is the case, the same characteristics would have to be
observed from the unligated Fe-Porphyrin structure. However, the Fe atom lies on the plane of the
porphyrin in tetra-coordinated Fe-Porphyrin. In this thesis, the displacement of Fe atom in singlet
state of FePIm are low compared with the quintet state of FePIm. This is because of the fact that
in the former one, the

orbital is doubly occupied and in the later one,

orbital is doubly

occupied. The displacement of Fe atom is also depend on the type of ligand attached in the system.
For example, in singlet state of FePO2, the displacement of Fe from the porphyrin plane toward
the positive z-axis (in the direction of O2) is 0.146, 0.192 and 0.213 Å for 00, 450 and 900 orientation
as indicated in the result part of this thesis.

The computed Fe-Np and Fe-NIm bond lengths for FePIm system are in agreement with
most DFT studies. Hence, this again confirms that the PBE functional is more powerful to optimize
geometries.

The computed ground state of FePImO2 by PBE functional is singlet. This result agrees
with experimental data. The SCAN functional however failed to give the correct result. It predicts
triplet state as a ground state. The computed energy differences between quintet and singlet states,
and singlet and triplet states using PBE functional are 0.932 and 0.133 eV, respectively. However,
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SCAN computation found an energy difference of 1.17 eV between quintet and singlet states, and
1.95 eV between singlet and triplet states. Ribas-Arino et al. employing CASPT2 (CASSCF) found
0.09 (0.11) eV as the energy difference between quintet and singlet states, and 0.14 (0.52) eV as
the energy difference between triplet and singlet states. The CASPT2 result pertaining to the
energy difference between triplet and singlet states agree with this thesis result of energy difference
between the same states using PBE functional. Ehesan A., Biplab S., and Peter M. work on
FePImO2 using B3LYP, M06L, and GGA+U found energy difference between quintet and singlet
spin states in the range of 0.29-0.39 eV. For triplet and singlet states, they found an energy
difference ranging from 0.39 to 1.82 eV for the aforementioned functionals. There are no clear and
precise agreement among different spin states energy splitting. This implies that the energy
splitting of spin states are challenging and ambiguous.

The optimized structure of FePImO2 is in agreement with most studies. One interesting
feature inferred from Table 8 is that in quintet state of FePImO2, the displacement of Fe atom is
more pronounced than the other two states. This has a significant implication for the dissociation
state of FePImO2. In this state, dioxygen is released and the system becomes FePIm. Therefore, in
the case of dioxygen binding the system follows S=0 path while in dissociation limit the system
follows S=2 path. Therefore, there might be a spin cross-over phenomenon due to relativistic effect
of spin-orbit coupling.
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CHAPTER 6: CONCLUSION
The binding of dioxygen to heme plays a crucial role for the persistence of life. The
presence of Fe, which is a transition metal makes the reaction of dioxygen to heme more
complicated and cumbersome, due to many spin multiplicities accounted for different orientation
of unpaired electrons. Therefore, computational methods provide an insight about the mechanism
of dioxygen binding to heme. In this thesis, PBE and SCAN functionals are used to investigate the
reaction of dioxygen to FePIm.

The ground state of Fe-Porphyrin is triplet. Both PBE and SCAN functionals are able to
provide the correct experimental result. The Fe atom lies on the plane of the porphyrin in singlet,
triplet, and quintet spin states of Fe-Porphyrin. However, the Fe atom moves out of the porphyrin
plane in the case of FePO2 and FePIm. The ground state of FePIm is quintet. The displacement of
Fe depends on the type of ligands involved. PBE fails to predict the ground state of FePIm but
SCAN predict the correct ground state. In determining the ground state of FePImO2 the converse
is true. The ground state of FePImO2 is singlet.

The displacement of Fe atom in quintet FePImO2 indicates that the system follows S=2
path in the dissociation limit (release of dioxygen) on the other hand the system follows S=0 in the
binding of dioxygen. Therefore, there is a spin-crossover phenomenon taking place in the binding
and release of dioxygen. Further study is need to show the binding energy of dioxygen and spincrossover phenomenon for association and dissociation path for dioxygen.
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APPENDIX A
Out put CLUSTER files for ground states of FeP, FePIm, and FePImO2

37
Cluster output
26 -0.00160
7 -0.00023
7 1.99601
7 -1.99558
7 -0.00020
6 2.42677
6 -2.42720
6 2.42795
6 -2.42830
6 0.68149
6 4.21790
6 -0.68179
6 -4.21822
6 4.21895
6 0.68145
6 -4.21927
6 -0.68175
6 1.10278
6 2.83909
6 -1.10319
6 -2.83936
6 2.84086
6 1.10361
6 -2.84109
6 -1.10397
1 1.35981
1 5.06750
1 -1.35981
1 -5.06787
1 5.06912
1 1.35969
1 -5.06948
1 -1.35971
1 3.20066
1 -3.20117
1 3.20157
1 -3.20194

-0.00630
1.99273
-0.00215
-0.00211
-1.99553
2.42232
2.42241
-2.42449
-2.42450
4.21205
0.68139
4.21210
0.68139
-0.68228
-4.21268
-0.68230
-4.21273
2.83477
1.09904
2.83478
1.09911
-1.10159
-2.83619
-1.10161
-2.83620
5.06032
1.35930
5.06062
1.35938
-1.35939
-5.06061
-1.35952
-5.06090
3.19108
3.19124
-3.19333
-3.19344

-0.00012
0.00001
0.00001
0.00004
0.00003
0.00006
0.00001
0.00004
0.00000
0.00006
-0.00000
0.00009
-0.00005
-0.00003
-0.00009
-0.00005
-0.00001
0.00005
0.00004
0.00005
0.00000
0.00003
-0.00004
-0.00000
0.00005
0.00000
-0.00000
0.00000
-0.00000
-0.00000
-0.00006
-0.00000
0.00000
0.00005
0.00000
0.00000
-0.00000

48
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Cluster output
7 0.02361
7 -0.68235
7 0.00052
7 2.06767
7 -2.06624
7 0.00026
6 1.12062
6 0.69854
6 -1.05067
6 2.44147
6 -2.44030
6 2.44140
6 -2.44046
6 0.68729
6 4.27430
6 -0.68621
6 -4.27289
6 4.27434
6 0.68715
6 -4.27300
6 -0.68617
6 1.10812
6 2.88698
6 -1.10739
6 -2.88589
6 2.88699
6 1.10821
6 -2.88603
6 -1.10743
1 2.12973
1 1.23680
1 -1.31312
1 -2.07868
1 1.35160
1 5.13095
1 -1.35029
1 -5.12932
1 5.13134
1 1.35093
1 -5.12989
1 -1.34948
1 3.21119
1 -3.21065
1 3.21104

-0.00158
0.00002
2.05706
-0.00090
-0.00115
-2.05873
-0.00104
0.00010
-0.00095
2.42956
2.43008
-2.43141
-2.43216
4.25399
0.68171
4.25421
0.68203
-0.68374
-4.25533
-0.68415
-4.25560
2.87562
1.10595
2.87586
1.10626
-1.10793
-2.87708
-1.10825
-2.87744
-0.00128
0.00110
0.00091
-0.00106
5.11400
1.34930
5.11443
1.34938
-1.35102
-5.11571
-1.35104
-5.11641
3.20209
3.20233
-3.20428

-2.31104
-4.39698
0.14207
0.08568
0.05178
0.14448
-3.15005
-4.45583
-3.08954
0.14824
0.12164
0.14960
0.12301
0.16952
0.19025
0.16184
0.15828
0.19068
0.17004
0.15877
0.16242
0.15196
0.13735
0.13912
0.10268
0.13815
0.15482
0.10347
0.14189
-2.75583
-5.39466
-5.18952
-2.74595
0.18826
0.23752
0.17494
0.21447
0.23749
0.18569
0.21454
0.17255
0.17744
0.15067
0.17767
49

1 -3.21062 -3.20465 0.15109
26 0.00517 -0.00125 -0.15499

48
Cluster output
8 -0.14402
8 0.83233
7 -0.00750
7 -0.72046
7 0.02727
7 2.03019
7 -1.99494
7 0.02729
6 1.08484
6 0.65911
6 -1.08438
6 2.45075
6 -2.40042
6 2.45075
6 -2.40037
6 0.70890
6 4.24735
6 -0.65749
6 -4.20643
6 4.24737
6 0.70891
6 -4.20642
6 -0.65746
6 1.12565
6 2.86402
6 -1.07355
6 -2.82394
6 2.86407
6 1.12563
6 -2.82395
6 -1.07349
1 2.09580
1 1.19559
1 -1.35536
1 -2.11319
1 1.38286
1 5.09593
1 -1.33544
1 -5.05300

-0.00027
-0.00045
-0.00023
0.00004
2.01619
-0.00025
-0.00022
-2.01666
-0.00012
0.00002
-0.00009
2.42249
2.42274
-2.42295
-2.42321
4.22373
0.68093
4.22216
0.68198
-0.68144
-4.22418
-0.68252
-4.22261
2.84520
1.09683
2.84317
1.09900
-1.09737
-2.84567
-1.09953
-2.84364
-0.00022
0.00013
0.00016
-0.00013
5.07476
1.35843
5.06968
1.36067

1.79211
2.61207
-2.11732
-4.20514
-0.02782
0.02216
0.00852
-0.02777
-2.96423
-4.26938
-2.89519
0.04118
0.04329
0.04124
0.04334
0.07598
0.10635
0.07643
0.10775
0.10636
0.07606
0.10778
0.07654
0.01837
0.05323
0.01716
0.04998
0.05325
0.01843
0.05000
0.01723
-2.57844
-5.21021
-4.99484
-2.55705
0.12712
0.15493
0.13140
0.16000
50

1
1
1
1
1
1
1
1
26

5.09593
1.38284
-5.05294
-1.33540
3.22139
-3.16934
3.22137
-3.16929
0.01592

-1.35894
-5.07524
-1.36124
-5.07016
3.19223
3.19360
-3.19265
-3.19402
-0.00001

0.15495
0.12721
0.16003
0.13151
0.08067
0.09049
0.08071
0.09056
0.03608
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